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NABIR Funded Investigations of FRC microbial communities.
Our funding ended in Spring of 2003. At that time we were completing two phases of

work on the FRC site. The first was a collaboration with Craig Criddle and the focus was on the
microbial communities of FRC samples used to initiate microcosm studies. Our report of March
2003 (below) reported on some of these data. The summary of this work is below. A PDF file of
our NABIR poster from 2003 and of J.Nyman’s NABIR 2004 poster (Criddle group) that also
reports on this collaboration are in the appendix. This work is now being prepared for
publication.

The second experimental focus was on osmotolerant isolates from the FRC site.
Previously we had a number of isolates with inclomplete 16S rRNA sequence information. The
sequencing of these isolates has been completed and a manuscript describing the results is in
preparation. The summary of this work is below. The NABIR poster from 2003 that describes
this work is in the appendix.

Summary of collaboration with C. Criddle.
We examined the diversity and phylogenetic composition of the microbial communities in three
FRC sediments and in microcosms seeded with these sediments. The sediments were from
boreholes of Area 3 of the FRC (Figure 1) and included black (550” below surface) and green
(540” below surface) sediment from FW100 and red (84” below surface) sediment from FW101.
Microcosms were amended with three different treatments (Control [no additions], electron
donor, and electron donor + sludge inoculum) and sampled monthly over the course of three
months (March, April, and June). Microbial communities were characterized using Terminal
Restriction Fragment Length Polymorphisms (T-RFLP) of 16S rDNA. Analysis of T-RFLP
profiles revealed a decreasing level of microbial diversity in the order Red > Black ≈ Green
correlating with increasing depth and contaminant concentration (chloride, nitrate, sulfate, and
uranium).  Some populations were detected in all three sediments. Of the three sediments tested
in microcosm studies, the red sediment exhibited the greatest changes in certain microbial
populationsunder conditions of electron donor supplementation.
A microcosm sediment (green) sample was analyzed for phylogenetic composition of the
microbial community with culture independent cloning and sequencing of the 16S rRNA gene.
This microcosm was of interest because t showed the greatest changein community structure and
some evidence of metal reduction.  Most of the 38 clones were affiliated with the Azoarcus and
Acidovorax groups. Two clones fell directly within Alcaligenes group and three Gram-positive
clones fell close to Desulfutomaculum and Desulfitobacterium groups.
Conclusions:
 T-RFLP analysis indicates that the order of microbial diversity is Red > Black ≈ Green,

which correlates with the amount contaminants found ( Black and Green contain 3 to 7 fold
higher amounts of  chloride, nitrate, sulfate, and uranium than Red) and with acidity (pH 4.0



in Black, 5.0 in Green and 5.6 in Red) but is inversely correlated with the depth of sites
where these samples were collected ( Red; 84”, Black: 550”, Green; 540” below surface).

 Microbial populations observed in Black and Green sediments were also present in Red,
based on T-RFLP profiles.

 Unlike Black and Green sediments, Red sediment exhibited substantial changes in microbial
populations upon microcosm enrichments which are depicted with Hha I fragments, 85, 206
and 595 (Figure 1 below).

 Molecular phylogenetic analysis of 16S rRNA gene clones derived from microcosms
established with borehole FW100 sediment (540” depth) showed that among 38 clones that
were sequenced for 16S rDNA, Azoarcus and Acidovorax appeared to be dominant
populations.

Figure 1. Cluster analysis of Hha I T-RFLP profiles showing shifts in the microcosms communities over the
time course of four months. Symbol notation: B,G & R = black, green and red sediments; c, e, ei = control,
electron donor and electron donor plus inoculum supplemented; T0, T1, T2, & T4  = sampling times in
months.



Summary of osmo-tolerant isolates from the FRC.

Abstract
In a hostile environment high in solute concentration, bacterial resistance to water-loss,
osmotolerance, is a necessary adaptation. Aquifer sediment at Bear Creek Valley (Oak Ridge
National Laboratories) site (FRC) has experienced dramatic changes in solute concentrations and
hence water activity over the past 50 years. The seepage of metals, hydrocarbons, and large
quantities of nitric acid into the sediment have resulted in plumes of nitrate, aluminum, and other
solutes.  In the work described herein, the diversity of cultivable osmotolerant bacteria present in
FRC sediment was determined.  Soil from the FRC site was obtained from borehole FW101 (red
sediment) 84" below the soil surface. Thirty-five osmotolerant isolates were clonally purified,
archived, and characterized. Phylogenetic diversity of the isolates was relatively low with
80%derived from Gram positives, of which 70% were Arthrobacter. The diversity was
considerably less than that observed for uncultivated topsoil run in parallel as a control.

Results
A total of 99 osmotolerant isolates were successfully obtained from both FRC (35) and top soil
(64) sites. Sequence analysis of the 16S rRNA genes was performed on 43 of the isolates using
18 from FRC and 25 from KBS. The phylogenetic tree of the FRC isolates  (Fig. 2) exemplifies a
highly selective habitat. Over 70% of the FRC isolates cluster as Arthrobacter species, lending to
the 83% Gram-positive dominance in the phylogenetic tree. Bacillus was the other Gram-
positive spore-former identified at the FRC site. Two FRC isolates clustered near the Gram-
negative Rhodanobacter lindaniclasticus.
The KBS phylogenetic tree (Fig. 3) depicts a diverse assemblage of bacteria present in the
agricultural soil. Considerably greater diversity of osmotolerant bacterial isolates is seen in the
topsoil where 40% clustered as Gram-negatives.

Conclusions
FRC sediment showed only limited diversity within the osmotolerant phenotype and a substantial
fraction of the isolates were Gram-positive (83%). This was in contrast to a topsoil control group
in which greater diversity was detected and 40% were Gram negative organisms.
•  Arthrobacter represented a substantial fraction of the isolates. Arthrobacter is a strong
competitor in the harsh FRC habitat as they are known to be a metabolically versatile and
resistant to desiccation and starvation.  In agreement with our morphological observations,
Arthrobacter has been shown to change cell shape between cocci (stationary phase) and rods
(exponential growth).  Arthrobacter chlorophenolicus is of interest as it has been studied for its
capability to degrade 4-chlorophenol.  Arthrobacter polychromogenes has previously been
isolated from severely hydrocarbon-contaminated soils and is known to degrade phenanthrene.
•  Bacillus, like Arthrobacter, it is a common soil microbe and a spore-former and also isolated
based on osmotolerant phenotype.  Bacillus simplex has been documented as binding cations,
though less at lower pHs.
Two FRC isolates cluster near the Gram-negative Rhodanobacter lindaniclasticus.  This species
was originally isolated from a wood-treatment site, where PAHs, heavy metals, BTEX
compounds, dioxins, halogenated phenols, and polar organics are likely to occur.
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Continued Analysis of the Microbial Community from Bear Creek Valley
Sediment; Diversity at Borehole FW100 and Osmotolerant Strains from

Borehole FW101

T.L. Marsh, C. L. Harzman & P. Wolf
Center for Microbial Ecology

Michigan State University
East Lansing, MI

Project 1. We have completed the analysis of a culture-independent clone library derived from
sediment of Borehole FW100 at 540” below the surface. These sediments were obtained from
Dr. Craig Criddle and were sampled after supplementation with an electron donor and anaerobic
incubation for 6 weeks. The community diversity was low with many clones affiliated with
either Azoarcus or Acidovorax from Gram negatives and Desulfotomaculm from the Gram
positives (Figures 1 & 2 below).

Project 2. Aquifer sediment at Bear Creek Valley (Oak Ridge National Laboratories) site has
experienced dramatic changes in solute concentrations and hence water activity over the past 50
years. The seepage of metals, hydrocarbons, and large quantities of nitric acid into the sediment
has resulted in plumes of nitrate, aluminum, and other solutes.  In such a hostile environment,
bacterial resistance to low water activity is a necessary adaptation. With this in mind, we
examined the diversity of cultivable, osmotolerant bacteria at the Bear Creek Valley site as
another aspect of defining the microbial community at the FRC. Sediment samples were washed
in R2A broth and allowed to settle.  Supernatants were serially diluted in R2A broth and plated
directly onto R2A agar containing one of four osmo-stressors (40% sucrose; 20% glycerol; 20%
polyethylene glycol [PEG]; 10% glycerol & 10% PEG). Thirty-eight isolates from the four
isolation media were clonally purified, archived, and characterized. Of the thirty-eight isolates,
76% were Gram-positive and 24% Gram-negative. Twenty-six isolates representative of the
detected colony/cell diversity were selected for rRNA sequencing. Phylogenetic analysis of the
rRNA sequence revealed that the majority of the isolates were Gram-positive from the
Arthrobacter group. Other isolates were closest to Taxeobacter, Rhodanobacter, Cellulomonas,
and Bacillus (see Figure 1 below).  The diversity detected in FRC sediment is considerably less
that that detected in uncultivated surface soils using the identical selection/isolation procedure.



Figure 1.& 2. Phylogenetic analyses of culture-independent clones isolated from contaminated FRC sediment
(Borehole FW100 at 540” below surface). Survey had strong representation of Azoarcus and Acidovorax relatives.



Figure 1. Phylogenetic affiliation of osmotolerant strains isolated from FRC site.



March 2002

Update of DOE funded work at the Bear Creek FRC
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The Field Research Center.  We received six samples from contaminated areas and one sample
from the background area. Our initial objectives were to cultivate microaerophiles from several
of the sediment samples and perform a series of culture-independent analyses including T-RFLP
and 16S rDNA clone libraries. The results are as follows.
Cultivation of microaerophiles. We have purified 50 isolates from the contaminated and
uncontaminated zones using both oxic and microaerophilic isolation protocols for a total of 200
isolates. These isolates have been characterized using REP-PCR and phylogenetically identified
based on 16S rRNA. In general, high diversity is detected based on REP-PCR profiles and the
diversity in the contaminated sample is at least as high if not higher than that detected in the
uncontaminated sample. Figure 1 presents representative REP-PCR profiles of strains isolated
under oxic and microaerophilic conditions. Cluster analysis (Pearson correlation) of the isolates
appears below in Figure 2. No difference in diversity was detected between the oxic and
microaerophilic isolates (purple and green respectively).  At least one coherent cluster was
detected that appeared to be specific to the impacted sediment (note the red highlighted branch
that is microaerophilic exclusively). This is the only deeply branching group that is entirely
microaerophilic. All other branches contain isolates from both oxic and microarophilic isolation
protocols. The phylogenetic placement of the isolates was determined with sequence alignment
in ARB against the Ribosomal Database Project alignment using maximum likelihood and
neighbor joining. All but one of the isolates placed within the Gram +, as can be seen in (Fig. 3).

      

Figure 1. REP-PCR of representative isolates from FRC site. Reference lanes (R) contain
size markers and numbered lanes isolates. Isolates in left panel were isolated under
microaerophilic conditions and those in the right panel under oxic conditions.



Figure 2. Pearson clustering of REP-PCR profiles from FRC isolates. Left panel, 66 isolates
from FRC Background site. Right panel, 79 isolates from FRC contaminated Site
0401.Trees were cast with UPGMA using global optimization.
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Figure 3. Phylogenetic tree of representative isolates from the Bear Creek Valley FRC site.
SSU rRNA sequences were aligned in ARB against the Ribosomal Database Project
alignment. Phylogenetic inference was made with maximum likelihood.



Abstract

We examined the diversity and phylogenetic composition of the microbial communities in three
FRC sediments and in microcosms seeded with these sediments. The sediments were from
boreholes of Area 3 of the FRC (Figure 1) and included black (550” below surface) and green
(540” below surface) sediment from FW100 and red (84” below surface) sediment from FW101.
Microcosms were amended with three different treatments (Control [no additions], electron
donor, and electron donor + sludge inoculum) and sampled monthly over the course of three
months (March, April, and June). Microbial communities were characterized using Terminal
Restriction Fragment Length Polymorphisms (T-RFLP) of 16S rDNA. Analysis of T-RFLP
profiles revealed a decreasing level of microbial diversity in the order Red > Black ≈ Green
correlating with increasing depth and contaminant concentration (chloride, nitrate, sulfate, and
uranium).  Some populations were detected in all three sediments. Of the three sediments tested
in microcosm studies, the red sediment exhibited the greatest changes in certain microbial
populationsunder conditions of electron donor supplementation.
A microcosm sediment (green) sample was analyzed for phylogenetic composition of the
microbial community with culture independent cloning and sequencing of the 16S rRNA gene.
This microcosm was of interest because t showed the greatest changein community structure and
some evidence of metal reduction.  Most of the 38 clones were affiliated with the Azoarcus and
Acidovorax groups. Two clones fell directly within Alcaligenes group and three Gram-positive
clones fell close to Desulfutomaculum and Desulfitobacterium groups.

Conclusions

 T-RFLP analysis indicates that the order of  microbial diversity is Red > Black ≈ Green,
which correlates with the amount contaminants found ( Black and Green contain 3 to 7 fold
higher amounts of  chloride, nitrate, sulfate, and uranium than Red) and with acidity (pH
4.0 in Black, 5.0 in Green and 5.6 in Red) but is inversely correlated with the depth of sites
where these samples were collected ( Red; 84”, Black: 550”, Green; 540” below surface).

 Microbial populations observed in Black and Green sediments were also present in Red,
based on T-RFLP profiles.

 Unlike Black and Green sediments, Red sediment exhibited substantial changes in
microbial populations upon microcosm enrichments which are depicted with Hha I
fragments, 85, 206 and 595.

Molecular phylogenetic analysis of 16S rRNA gene clones derived from microcosms established
with borehole FW100 sediment (540” depth) showed that among 38 clones which were
sequenced for 16S rDNA, Azoarcus and Acidovorax appeared to be dominant populations.
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Microbial Diversity in Sediments from Bear Creek Valley - FRC.
 S-H. Kim1, C. L. Harzman1, P. Wolf 1, J. L. Nyman3, C. Criddle3, D. T. Long2, and T. L. Marsh1

 Ctr. for Microbial Ecology1 and Dept. of Geological Sciences2, Michigan State University
Dept. of Civil & Environ. Engineering,  Stanford University3

Abstract

We examined the diversity and phylogenetic composition of  the microbial
communities in three FRC sediments and in microcosms seeded with these
sediments. The sediments were from boreholes of  Area 3 of the FRC (Figure
1) and included black (550” below surface) and green (540” below surface)
sediment from FW100 and red (84” below surface) sediment from FW101.
Microcosms were amended with three different treatments (Control [no
additions], electron donor, and electron donor + sludge inoculum) and
sampled monthly over the course of  three months (March, April, and June).
Microbial communities were characterized using Terminal Restriction
Fragment Length Polymorphisms (T-RFLP) of 16S rDNA. Analysis of T-
RFLP profiles revealed a decreasing level of microbial diversity in the order
Red > Black ≈ Green correlating with increasing depth and contaminant
concentration (chloride, nitrate, sulfate, and uranium).  Some populations were
detected in all three sediments. Of the three sediments tested in microcosm
studies, the red sediment exhibited the greatest changes in certain microbial
populationsunder conditions of  electron donor supplementation.
A microcosm sediment (green) sample was analyzed for phylogenetic
composition of  the microbial community with culture independent cloning and
sequencing of  the 16S rRNA gene. This microcosm was of  interest because t
showed the greatest changein community structure and some evidence of
metal reduction.  Most of  the 38 clones were affiliated with the Azoarcus and
Acidovorax groups. Two clones fell directly within Alcaligenes group and
three Gram-positive clones f ell close to Desulfutomaculum and
Desulfitobacterium groups.

Figure 6.   Phylogenetic trees based on 16S rDNA
sequences, showing the relationship of the FRC
clones to the Gram-positive bacteria (A) and
Proteobacteria (B).  The 16S rRNA genes were
amplified and cloned from community DNA using
bacterial-specific primers. Clones were sequenced,
aligned (RDP), and phylogenetically positioned with
either neighbor joining or maximum likelihood.
Species colored red are microorganisms identified
from FW100 borehole, 540” depth.

Methods
Terminal -Restriction Fragment Length Polymorphism (T-
RFLP)
Community DNAs from 30 sediment and microcosm samples were extracted
using a UltraClean Soil DNA Kit. 16S rRNA genes were PCR amplified using
a HEX-labeled bacteria-specific primer 27F and a universal primer 1100R.
The amplified DNA was digested with Hha I, Msp I or Rsa I run on ABI
sequencing gels and the resulting T-RFLP profiles were analyzed using
GeneScan™, Genotyper™, and PAUP software.

Phylogenetic Trees
Phylogenetic trees were constructed from the community DNA of a Green
Bioreactor sample which was previously amended with electron donors and
retrieved in March.   The 16S rDNAs were PCR amplified using two primers,
27F and 1100R. The PCR products were cloned into TOPO TA Cloning
vector, and 38 clones were selected and their inserts were DNA sequenced.
Sequence alignments and construction of Neighbor Joining trees were
performed with ARB using database release 8 from the RDP.

Conclusions

T-RFLP analysis indicates that the order of
microbial diversity is Red > Black ≈ Green,
which correlates with the amount contaminants
found ( Black and Green contain 3 to 7 fold
higher amounts of  chloride, nitrate, sulfate, and
uranium than Red) and with acidity (pH 4.0 in
Black, 5.0 in Green and 5.6 in Red) but is
inversely correlated with the depth of sites where
these samples were collected ( Red; 84”, Black:
550”, Green; 540” below surface).
Microbial populations observed in Black and
Green sediments were also present in Red, based
on T-RFLP profiles.
Unlike Black and Green sediments, Red
sediment exhibited substantial changes in
microbial populations upon microcosm
enrichments which are depicted with Hha I
fragments, 85, 206 and 595.
Molecular phylogenetic analysis of 16S rRNA
gene clones derived from microcosms established
with borehole FW100 sediment (540” depth)
showed that among 38 clones which were
sequenced for 16S rDNA , Azoarcus and
Acidovorax appeared to be dominant populations.

Figure 5. Cluster analysis of
Hha I T-RFLP profiles
showing shifts in the
microcosms communities over
the time course of four months.
Symbol notation: B,G & R =
black, green and red sediments;
c, e, ei = control, electron
donor and electron donor plus
inoculum supplemented; T0,
T1, T2, & T4  = sampling
times in months.

Figure 4. Example of T-RFLP profiles of Hha I digested PCR
products from FRC black sediment samples. Comparable profiles
were generated from Green and Red sediments.

A.

B.

Tracking Changes in Microbial
Diversity in FRC Sediments

Diversity of Osmotolerant Bacterial
Strains from FRC Sediment

Proteobacteria

Abstract
In a hostile environment high in solute concentration,
bacterial resistance to water-loss, osmotolerance, is a
necessary adaptation. Aquifer sediment at Bear Creek
Valley (Oak Ridge National Laboratories) site (FRC) has
experienced dramatic changes in solute concentrations and
hence water activity over the past 50 years. The seepage of
metals, hydrocarbons, and large quantities of nitric acid
into the sediment have resulted in plumes of nitrate,
aluminum, and other solutes.  In the work described herein,
the diversity of cultivable osmotolerant bacteria present in
FRC sediment was determined.  Soil from the FRC site
was obtained from borehole FW101 (red sediment) 84"
below the soil surface. Thirty-five osmotolerant isolates
were clonally purified, archived, and characterized.
Phylogenetic diversity of the isolates was relatively low
with 80%derived from Gram positives, of which 70% were
Arthrobacter. The diversity was considerably less than that
observed for uncultivated topsoil run in parallel as a
control.

Results
A total of 99 osmotolerant isolates were successfully
obtained from both FRC (35) and top soil (64) sites.
Sequence analysis of the 16S rRNA genes was performed
on 43 of the isolates using 18 from FRC and 25 from KBS.
The phylogenetic tree of the FRC isolates  (Fig. 2)
exemplifies a highly selective habitat. Over 70% of the
FRC isolates cluster as Arthrobacter species, lending to the
83% Gram-positive dominance in the phylogenetic tree.
Bacillus was the other Gram-positive spore-former
identified at the FRC site. Two FRC isolates clustered near
the Gram-negative Rhodanobacter lindaniclasticus.

The KBS phylogenetic tree (Fig. 3) depicts a diverse
assemblage of bacteria present in the agricultural soil.
Considerably greater diversity of osmotolerant bacterial
isolates is seen in the topsoil where 40% clustered as
Gram-negatives.

Methods
Bacteria capable of surviving at lowered Aw were isolated
by direct selection from FRC sediment (Fig 1) on R2A
supplemented with one of several solutes at high
concentrations (40% w/v sucrose, 20% w/v glycerol, 20%
v/v PEG, and a combination of 10% glycerol and 10%
PEG). Cyclohexamide was added to a final concentration
of 0.02% to inhibit fungal growth.

Cells were collected from soil samples by adding 3 ml
R2A broth to 1 g soil and vortexing vigorously for 2
minutes.  The suspension was allowed to settle by gravity
before cells were removed in 0.5 ml of the supernatant.
Cell suspension washed from each soil sample serially
diluted and plated in duplicte on R2A containing different
solutes.  Isolates were clonally purified and a total of 36
isolates were obtained for the FRC site.

Representative isolates were selected for 16S phylogenetic
analysis. The 16S rRNA gene was PCR amplified from
each isolate and sequenced using primers 8F, 1100R and
927R.  Phylogenetic affiliations of the isolates were
determined using both neighbor joining or maximum
likelihood in ARB. For comparison, osmotolerant isolates
from undisturbed top soil were isolated and analyzed in
parallel with the FRC strains.

Conclusions
• FRC sediment showed only limited diversity within the osmotolerant phenotype and a
substantial fraction of the isolates were Gram-positive (83%). This was in contrast to a
topsoil control group in which greater diversity was detected and 40% were Gram negative
organisms.

•Arthrobacter represented a substantial fraction of the isolates. Arthrobacter is a strong
competitor in the harsh FRC habitat as they are known to be a metabolically versatile and
resistant to desiccation and starvation.  In agreement with our morphological observations,
Arthrobacter has been shown to change cell shape between cocci (stationary phase) and
rods (exponential growth).  Arthrobacter chlorophenolicus is of interest as it has been
studied for its capability to degrade 4-chlorophenol.  Arthrobacter polychromogenes has
previously been isolated from severely hydrocarbon-contaminated soils and is known to
degrade phenanthrene.

•Bacillus, like Arthrobacter, it is a common soil microbe and a spore-former and also
isolated based on osmotolerant phenotype.  Bacillus simplex has been documented as
binding cations, though less at lower pHs.

•Two FRC isolates cluster near the Gram-negative Rhodanobacter lindaniclasticus.  This
species was originally isolated from a wood-treatment site, where PAHs, heavy metals,
BTEX compounds, dioxins, halogenated phenols, and polar organics are likely to occur.

Anions and U concentrations (ppm):
Samples Chloride Nitrate Sulfate* U pH**
FW100-20' 169.7 2595.1 1119.9 3.7 6.1
FW100-25' 173.0 3478.0 1287.8 7.6 5.8
FW100-30' 161.8 3723.5 1273.5 6.0 5.7
FW100-35' 221.9 8461.8 2286.0 15.7 4.2
FW100-40' 371.5 10227.5 3256.3 48.0 3.9
FW100-45' 401.5 16808.8 2968.2 37.6 3.9
FW100-50' 430.4 27389.2 148.2 4.3 5.3

Figure 1. Location of boreholes from which
FRC samples were obtained. The results from
two lines of investigation are presented on this
poster that were initiated with sediment samples
from boreholes FW100 and FW101located in
Area 3 of the FRC.  Two depths from borehole
FW100, 540” and 550” below the surface, and
one depth from borehole FW101, 84” below the
surface, were used. The anion composition of
the sediments is presented in the table below.

FWB100-06-00-B green, from 540" below surface in borehole FWB100
FWB100-06-10-B black, from 550" below surface in borehole FWB100
FWB101-01-15-B red, from 84" below surface in borehole FWB101
FWB100-06-00-D green, from 540" below surface in borehole FWB100
FWB100-06-10-D black, from 540" below surface in borehole FWB100
FWB101-01-15-D red, from 84" below surface in borehole FWB101
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Diversity of Uranium Reduction Processes in Oak Ridge Source Zone Sediment

The scale-up of microbial uranium reduction from the bench scale to the the field 
scale presents several challenges, so microcosms were established with sediment 
from near the source zone to simulate the conditions of the field experiment.

Jennifer L. Nyman1, Terence L. Marsh2, Matt Ginder-Vogel3, Scott Fendorf3, and Craig Criddle1

1Department of Civil and Environmental Engineering, Stanford University, Stanford, CA;  2Center for Microbial Ecology, Michigan State University, East 
Lansing, Michigan; 3Department of Geological and Environmental Sciences, Stanford University, Stanford, CA

Figure 3 (above). Soluble U(VI) 
Concentration. U(VI) concentration 
is shown for control (open symbols) 
and viable (closed symbols) 
microcosms over time. Chart titles 
indicate the day on which the 
microcosms were sacrificed and the 
sample name of the sediment. 
Though U(VI) concentration 
decreased steadily in most 
microcosms, in others it leveled off 
or rebounded. 

The U binding energy, as determined 
by XANES,  is shown for each viable 
sediment sample at the top right of 
the graph. U(VI) has a slightly higher 
LIII-shell (2p orbital) binding energy 
than U(IV) (17.176 vs. 17.172 keV), 
so a low relative binding energy 
indicates the reduction of solids-
associated uranium.

Figure 4 (left). Representative 
XANES Spectra. Spectra for U(VI) 
and U(IV) standards, washed 
sediment, and representative samples 
are shown. XANES analysis 
indicated little solids-associated iron 
was reduced in viable microcosms 
while all chromium was reduced.

EXPERIMENTAL APPROACH
COMMUNITY ANALYSIS

CONCLUSIONS

XANES

MOTIVATION: FIELD-SCALE 
BIOREMEDIATION 

URANIUM REDUCTION PATTERNS 
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› Under sediment and groundwater conditions representative of the source zone 
during treatment, the amendment of ethanol stimulated microbial uranium 
reduction. This transformation was apparently mediated by bacterial activity, as 
uranium was not reduced in sterilized microcosms.

› Various soluble uranium concentration patterns highlight the significance of 
small-scale sediment and/or inoculum heterogeneity. Field-scale experimental 
results will likely be a composite of variable reaction rates on this dimension.

› A rebound in uranium concentration suggests biological reduction rates had 
decreased until they were less than uranium desorption rates from the solid phase. 
As ethanol, acetate, and sulfate were depleted in microcosms with rebounding 
uranium concentration, the rate of microbial uranium reduction may have been 
limited by a lack of electron donor or acceptor.

› Uranium was reduced concurrently with sulfate, perhaps due to greater 
bioavailability of soluble sulfate over ferric iron or due to greater initial numbers of 
sulfate-reducing bacteria in the inoculum.

› T-RFLP indicated a shift in community structure as uranium was reduced, 
although the HhaI and MspI profiles were each dominated by one or two fragment 
lengths. 

Table 1. Electron Donor and Acceptor Concentrations. In viable microcosms, ethanol concentration decreased as 
acetate accumulated, nitrate was depleted within two weeks, and sulfate concentration decreased concurrently with 
uranium reduction. Standard deviations are shown in parentheses. bd = below detection limit. 

Figure 5. Composition of T-RFLP profiles. Histograms show the contribution of terminal restriction fragments to the 
percentage of total normalized peak height for 16S rDNA digested with the tetrameric enzymes HhaI (a) and MspI (b). 
One to two restriction fragment lengths dominate most profiles, but significant variation exists in the relative proportion of 
other lengths. 

Figure 6. Cluster Diagrams of T-RFLP profiles. Normalized peak heights for fragments were transformed by taking 
their square root, and then profiles were clustered with either unweighted pair group method mean average (UPGMA) (a) 
or Ward’s (b) methods. Diagrams indicate a general shift in community structure occurred as uranium was reduced, and, 
except for sample Five LR, samples with variable patterns of uranium reduction but from the same time point clustered 
together. 

Figure 1. Location of the Near-Source Zone
Biostimulation Experiment and Associated 
Wells. 

Figure 2. Color Change in 
Microcosms Over Time. The color of 
sediment and solution in microcosms 
turned from brown to gray to black, 
indicating the establishment of 
reducing conditions.
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Subsurface Contamination Near 
the Source Zone:
› low pH (~3.6)
› high uranium, sulfate, nitrate
› co-contaminants, including 
technetium, VOCs, and chromium

Field-Scale Treatment Strategy:
› displacement of nitrate and acidity
› above-ground denitrification in a    
fluidized bed reactor (FBR)
› ethanol addition to stimulate in-situ
denitrification and microbial U(VI) 
reduction

Microcosm Setup:
› washed sediment from well 103 (40 ft)
› denitrified synthetic groundwater
› ethanol (22 mM)
› the effluent of a pilot denitrifying FBR
› one-half autoclaved as controls

Sacrificed Sediment:
› sets of microcosms sacrificed on days  
1, 14, 27, 63, and 93
› community structure by T-RFLP using 
the 16S rRNA gene
› X-ray absorption near-edge structure 
(XANES) spectroscopy for oxidation 
state of metals 
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Point Five ER (Day 93)
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Point Five LR (Day 93)

Point Five F (Day 93)
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Point Three (Day 27)
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12.1740
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 Nitrate (mM)  Sulfate (mM)  Acetate (mM)  Ethanol (mM) 

Sample Control Viable  Control Viable  Control Viable  Control Viable 

Point One 1.1 (0.04) 0.1 (0.1)  3.3 (0.3) 3.0 (0.4)  bd bd  21.2 (2.6) 21.4 (3.7) 

Point Two 1.0 (0.2) 0.04 (0.02)  3.2 (0.7) 0.1 (0.05)  bd 11.4 (1.0)  23.0 (3.9) 1.5 (0.8) 

Point Three 1.6 (0.4) bd  3.4 (1.3) 0.1 (0.2)  bd 13.5 (2.4)  21.7 (5.0) bd 

Point Four: D 1.2 (0.1) bd  4.1 (0.6) 2.3 (0.5)  bd 14.0 (2.1)  21.3 (1.5) bd 

                   F  bd   1.7 (0.9)   13.2 (2.5)   bd 

Point Five: D 1.2 (0.2) bd  4.0 (0.8) 2.7  bd 18.4  17.7 (1.9) bd 

                   F  bd   1.4   28.3   bd 

                   ER  bd   bd   bd   bd 

                   LR  bd   bd   bd   bd 
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